Introduction
============

Rapid worldwide economic and industrial development has resulted in eutrophication and heavy metal pollution of freshwater bodies, which has subsequently led to the deterioration of these aquatic environments ([@ref-12]; [@ref-62]). Vegetation restoration has emerged as an effective way of improving water quality by reducing eutrophication and removing heavy metals from soil and wastewater, because macrophytes have tremendous capacity of absorbing nutrients and toxic metals from polluted soil and water ([@ref-17]; [@ref-27]; [@ref-2]; [@ref-35]). However, large numbers of pioneer plants have been blindly planted for ecological restoration. Successful ecological restoration depends on planting submerged macrophytes below the tolerant levels of water ammonia-N and sediment-Cu.

At low levels, copper (Cu) is an essential trace element for a variety of cells and tissues in submerged plants, but at high concentrations, it can cause phytotoxicity ([@ref-1]; [@ref-2]; [@ref-3]). Excessive Cu accumulation results in detrimental effects on several physiological and biochemical processes in plants and can also inhibit growth ([@ref-36]; [@ref-14]; [@ref-52]). Moreover, heavy metals such as Cu are generally bound to particulate matter and eventually become incorporated into sediments rather than water columns ([@ref-51]; [@ref-34]). Taking into account that previous studies generally focused on water column copper, the effects of excessive sediment Cu on macrophytes such as *Vallisneria natans* (*V. natans*) need to be investigated.

Ammonia-N is an important nutrient source to submerged macrophytes at low concentrations, but it can be toxic at higher levels ([@ref-7]; [@ref-47]; [@ref-10]; [@ref-13]). Damaging concentrations of ammonia-N can inhibit photosynthesis, trigger oxidative stress, and cause water loss in plants ([@ref-47]; [@ref-9]; [@ref-21]; [@ref-33]). Furthermore, the toxicity of ammonia-N in water bodies was significantly influenced by high contents of Cu because Cu caused the accumulation of excess $\documentclass[12pt]{minimal}
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}{}${\mathrm{NH}}_{4}^{+}$\end{document}$ in the cytosol ([@ref-23]; [@ref-26]). However, although previous studies have commonly evaluated the effect of ammonia-N on submerged macrophytes, few have focused on the combined effects of ammonia-N and sediment Cu.

As seen in other polluted freshwater bodies, the ecosystem of the Huai River in China has been severely degraded by excessive pollutant discharge that produced high heavy metal contents, including Cu, and excessive ammonia-N levels in the water column ([@ref-64]; [@ref-55]; [@ref-60]). The Huai River reportedly has ammonia-N concentrations up to 29.70 mg L^−1^, and sediment Cu concentrations up to 208.8 mg kg^−1^ ([@ref-41]; [@ref-61]). In this study, *V. natans*, a ubiquitous submerged plant in the Huai River, was selected as the treatment subject. Changes in plant growth and distribution ([@ref-8]; [@ref-56]) and fluctuations of many metabolites such as chlorophyll ([@ref-39]), non-protein thiol (NP-SH) ([@ref-25]), and proline ([@ref-5]) are important indexes to measure the response of a plant to environmental stress. Thus, the relative growth rate (RGR), above- and below-ground biomasses, chlorophyll, NP-SH, and free proline were selected to test (1) growth response of *V. natans* to sediment Cu and water column ammonia-N and (2) physiological response of *V. natans* to sediment Cu and water column ammonia-N.

Materials and Methods
=====================

Plant materials and culture
---------------------------

*Vallisneria natans* were collected from the downstream region (34°53′22″N, 113°41′13″E) of the Suoxu River, the tributary of the Huai River in Henan Province in central China. Uniform-sized plants (31.54 ± 6.32 cm tall, 5.03 ± 0.67 g fresh weight) were chosen for the experiment. The sediments used for the treatments were riverside soils containing 1.08% organic matter, 600 mg kg^−1^ total N, and 25.75 mg kg^−1^ Cu. The well water from the riverside contained 1.4 mg L^−1^ total N and 0.36 mg L^−1^ ammonia-N. In addition, nine large buckets (top diameter 84 cm, bottom diameter 67 cm, height 85 cm), 54 small basins (top diameter 12 cm, bottom diameter 8.7 cm, height 9.9 cm), and standard solutions of Cu (CuSO~4~⋅5H~2~O) and $\documentclass[12pt]{minimal}
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}{}${\mathrm{NH}}_{4}^{+}$\end{document}$ solutions (NH~4~Cl) were used.

Treatments
----------

Given that ammonia-N enrichment in the Huai River varied from 0.02 to 15.43 mg L^−1^ ([@ref-41]) and *V. natans* cannot survive levels higher than 8 mg L^−1^ ([@ref-65]), we selected three levels of ammonia-N in this study (0, 3, and 6 mg L^−1^; L^N^, M^N^, and H^N^, respectively). In addition, three levels of Cu in sediment (control and Cu added at levels of 100 and 200 mg kg^−1^; L^Cu^, M^Cu^, and H^Cu^, respectively) were selected based on the finding that the Cu sediment concentration in the polluted Huai River can reach 208.8 mg kg^−1^ ([@ref-61]). The three levels of ammonia-N content in the water column and three levels of Cu in the sediment produced 9 experimental treatments (L^N^L^Cu^, L^N^M^Cu^, L^N^H^Cu^, M^N^L^Cu^, M^N^M^Cu^, M^N^H^Cu^, H^N^L^Cu^, H^N^M^Cu^, and H^N^H^Cu^). Each treatment was replicated three times.

The Cu treatments were created by adding a CuSO~4~ solution to the original soil samples. The treatments were made by taking a standard solution of Cu \[CuSO~4~⋅5H~2~O\] that had 9.7656 g CuSO~4~⋅5H~2~O and adding purified water to amount to 1 L in a volumetric flask (Cu^2+^ 2500 mg L^−1^). The low Cu treatment (L^Cu^) consisted of 500 g soil, the medium Cu treatment (M^Cu^) had 500 g soil with 20 ml CuSO~4~ solution added, and the high Cu treatment (H^Cu^) was made by combining 40 ml CuSO~4~ solution with 500 g of soil. The three Cu concentration levels were calculated (L^Cu^ 25.75 ± 6.02 mg kg^−1^, M^Cu^ 125 ± 6.02 mg kg^−1^, H^Cu^ 225 ± 6.02 mg kg^−1^) according to the Cu concentration measured in the original soil (25.75 ± 6.02 mg kg^−1^). Each Cu treatment level had three ammonia-N concentrations (0, 3, and 6 mg L^−1^) that were created by adding a certain amount of NH~4~Cl solution.

The experiment began on 20 June 2014 and lasted for two weeks. Each small basin was filled with sediments and wrapped by plastic wrap, and then single plant was placed in each prepared basin through a little hole of the plastic wrap. The plastic wrap was used to avoid the removing of the Cu from sediments to water column. Three buckets were used for each sediment Cu level and nine buckets were utilized for the three levels of sediment Cu. Well water was added to each large bucket to create a water depth of 60 cm. Six small basins filled with the same level of sediment Cu were placed in one large bucket. Nine treatments were made by adding the three ammonia-N concentrations (0, 3, and 6 mg L^−1^) to the buckets with the three levels of sediment Cu. The buckets were then randomly positioned outside where there were no shade differences. The ammonia-N concentration of each large bucket was monitored daily and kept constant by adding an appropriate amount of NH~4~Cl solution. During the experiment, the concentration of ammonia-N in the water column ranged from 1.6 to 3.1 mg L^−1^ in the M^N^ treatments, with an average of 2.4 mg L^−1^, and 4.2 to 6.1 mg L^−1^ in the H^N^ treatments, with an average of 5.2 mg L^−1^. Water temperature was kept at 25.1--31.5 °C and underwater light intensity at noon ranged from 20,700 to 39,400 lux during the experimental period. The periphyton and phytoplankton in large bucket were removed through 100-mesh sieves every day. After the experiment, the Cu^2+^ concentration in the water from each large bucket was sampled and all levels were \<0.01 mg L^−1^.

Harvest and chemical analysis
-----------------------------

The plants were harvested after 1 and 2 weeks of treatments. Three small basins from each treatment were randomly selected for measurement at each harvest time. After harvest, the periphyton attached to the plant leaves was removed with a soft brush. The plants were washed with purified water, and dry with blotting paper carefully. A whole plant was weighed, above- and below-ground portions were separated, and the fresh weights were recorded. The leaves were placed in an ice bath to obtain the content of chlorophyll, NP-SH, and free proline. The biomass, chlorophyll, NP-SH, and free proline content were measured in the first harvest and only the biomass was measured in the second harvest. To measure the biomass, above- and below-ground portions were separated, and the fresh weights were recorded.

The Cu concentration of the original soil was measured using inductively coupled plasma atomic emission spectrometry (ICP-MS 7700x, Agilent Technologies, USA). The Cu^2+^ concentration of the water body in the large bucket was measured by plasma atomic emission spectrometry (ME-ICP02, ALS Minerals/ALS Chemex Co. Ltd, Guangzhou, China). The concentration of ammonia-N was measured with a HACH DR 2800 Spectrophotometer (HACH Company, Loveland, CO, USA). Relative growth rate (RGR) was calculated as $\documentclass[12pt]{minimal}
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}{}$\text{RGR}=({\text{InW}}_{2}-{\text{InW}}_{1})/\mathrm{t}$\end{document}$, where W~1~ and W~2~ indicate the mean fresh weight at the first and second week, respectively, and t isthe growth time in days. In order to obtain the concentration of chlorophyll, 200 mg of sample was extracted using 25 ml 95% ethanol in the dark for 24 h at room temperature. The leaf chlorophyll concentration was measured by UV--vis spectroscopy, and the absorbance of the extracts was determined at 645 and 663 nm wavelengths ([@ref-22]). The chlorophyll concentration was calculated using the equation described by ([@ref-4]; [@ref-49]). Non protein thiol was determined following the method of [@ref-44]. The molar extinction coefficient of 13,100 at 412 nm was used to estimate the thiol content and the values were expressed in nmol mg^−1^ of protein ([@ref-37]). The free proline concentration was determined by the rapid colorimetric method described by ([@ref-6]). The concentration of chlorophyll, NP-SH, and free proline of the leaves was calculated on the basis of fresh weight.

Data analysis
-------------

Growth indications (RGR and above- and below-ground biomass) and physiological indexes (chlorophyll, NP-SH, and free proline) were analyzed with one-way ANOVA. In addition, a two-way ANCOVA, with sediment Cu and ammonia-N as main factors and plant characteristics (RGR, above- and below-ground biomass, chlorophyll, NP-SH, and free proline) as covariates, was used to test the effects of sediment Cu and ammonia-N on plants. All statistical analyses were performed in SPSS19.0 software (SPSS, Chicago, IL, USA).

Results
=======

Growth indicators of *V. natans*
--------------------------------

Both ammonia-N and sediment Cu had significant effects on RGR (*p* \< 0.01), but the influence of ammonia-N was more dramatic (*p* \< 0.001, [Table 1](#table-1){ref-type="table"}). The RGR was significantly lower in the M^N^L^Cu^ and H^N^L^Cu^ treatments than in the ammonia control (L^N^L^Cu^) ([Fig. 1](#fig-1){ref-type="fig"}). Compared to the Cu control (L^N^L^Cu^), RGR was significantly decreased in the L^N^M^Cu^ and L^N^H^Cu^ treatments ([Fig. 1](#fig-1){ref-type="fig"}). Moreover, the highest ammonia-N and Cu combination (H^N^H^Cu^) resulted in the lowest value of RGR.
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###### Two-way ANOVA results (F value) for the relative growth rate (RGR), above-ground biomass, below-ground biomass, chlorophyll, non-protein thiol (NP-SH), and free proline of *Vallisneria natans* using water column ammonia-N and sediment Cu as dependent variables.

![](peerj-04-1953-g004)

  Dependent variable     Ammonia-N     Sediment Cu   Ammonia-N × Sediment Cu
  ---------------------- ------------- ------------- -------------------------
  RGR                    112.67^∗∗∗^   7.70^∗^       0.48^ns^
  Above-ground biomass   109.51^∗∗∗^   0.68^ns^      2.32^ns^
  Below-ground biomass   0.98^ns^      4.38^∗^       0.15^ns^
  Chlorophyll            9.86^∗∗∗^     4.27^∗^       0.20^ns^
  NP-SH                  25.80^∗∗∗^    5.24^∗^       0.86^ns^
  Free proline           16.95^∗∗∗^    1.34^ns^      0.23^ns^

**Notes.**

Statistical significance indicated through asterisk(s): ^∗∗∗^*p* \< 0.001, ^∗∗^*p* \< 0.01, ^∗^*p* \< 0.05, ns *p* \> 0.05.

![Relative growth rates (RGR) of nine treatments across two harvest times of *Vallisneria natans*.\
Mean and standard errors of three replicates were shown; different letters represent significant difference at *p* \< 0.05 between treatments. Abbreviations are the same to those shown in [Table 2](#table-2){ref-type="table"}.](peerj-04-1953-g001){#fig-1}

The above-ground biomass differed significantly among the ammonia-N treatments (*p* \< 0.001), whereas the below-ground biomass showed significant variation among the sediment Cu groups (*p* \< 0.05, [Table 1](#table-1){ref-type="table"}). The below-ground biomass decreased significantly with increasing Cu sediment levels when water column ammonia-N levels were constant ([Fig. 2A](#fig-2){ref-type="fig"}). Similarly, the above-ground biomass also decreased with an increasing water column ammonia-N concentration when the sediment Cu levels were stable ([Fig. 2B](#fig-2){ref-type="fig"}).

![Biomass of nine treatments at the first harvest.\
(A) Below-ground biomass (g) and (B) Above-ground biomass (g) of *Vallisneria natans* of nine treatments from the first harvest. Mean and standard errors of three replicates were shown; different letters represent significant difference at *p* \< 0.05 between treatments. Abbreviations are the same to those shown in [Table 2](#table-2){ref-type="table"}.](peerj-04-1953-g002){#fig-2}

Physiological indexes of *V. natans*
------------------------------------

### Chlorophyll

Both ammonia-N and sediment Cu had significant effects on chlorophyll (*p* \< 0.05), but the influence of ammonia-N was more dramatic (*p* \< 0.001, [Table 1](#table-1){ref-type="table"}). Increasing levels of both water column ammonia-N and sediment Cu levels led to lower chlorophyll concentrations. The lowest chlorophyll content corresponded to the treatment with the highest ammonia-N and sediment Cu levels (H^N^H^Cu^, [Fig. 3](#fig-3){ref-type="fig"}).

![Chlorophyll levels of nine treatments at the first harvest.\
Chlorophyll concentrations (mg g^−1^) of *Vallisneria natans* at nine different treatments were obtained during the first harvest. Mean and standard errors of three replicates were shown; different letters represent significant difference at *p* \< 0.05 between treatments. Abbreviations are the same to those shown in [Table 2](#table-2){ref-type="table"}.](peerj-04-1953-g003){#fig-3}

### NP-SH

Compared to the ammonia control (L^N^L^Cu^), NP-SH significantly increased in the medium and high ammonia-N treatments (M^N^L^Cu^ and H^N^L^Cu^, [Table 2](#table-2){ref-type="table"}). In addition, when compared to the Cu control (L^N^L^Cu^), NP-SH significantly increased in the medium and high Cu treatments (L^N^M^Cu^ and L^N^H^Cu^, [Table 2](#table-2){ref-type="table"}). The NP-SH concentration was more sensitive to ammonia-N (*p* \< 0.001) than to sediment Cu (*p* \< 0.05, [Table 1](#table-1){ref-type="table"}), although it was significantly affected by both factors.
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###### Non-protein thiol (NP-SH) and free proline contents of *Vallisneria natans* in nine treatments obtained from the first harvest.

![](peerj-04-1953-g005)

  Treatment                 L^N^L^Cu^       L^N^M^Cu^       L^N^H^Cu^         M^N^L^Cu^        M^N^M^Cu^        M^N^H^Cu^        H^N^L^Cu^         H^N^M^Cu^        H^N^H^Cu^
  ------------------------- --------------- --------------- ----------------- ---------------- ---------------- ---------------- ----------------- ---------------- ----------------
  NP-SH (µmol g^−1^)        3.50 ± 0.61d    4.16 ± 0.31cd   4.44 ± 0.85bc     4.55 ± 0.18bc    5.26 ± 0.46ab    5.53 ± 0.19a     5.47 ± 0.48a      5.59 ± 0.42a     5.60 ± 0.21a
  Free proline (µg g^−1^)   23.28 ± 3.69c   25.65 ± 4.69c   41.02 ± 27.56bc   54.03 ± 9.88ab   62.2 ± 15.91ab   62.31 ± 8.38ab   64.68 ± 10.79ab   71.77 ± 15.97a   73.71 ± 21.77a

**Notes.**

AbbreviationsLLowMMediumHHigh^N^Nitrogen^Cu^Copper, L^N^ (0 mg N L^−1^), M^N^ (3 mg N L^−1^), H^N^ (6 mg N L^−1^), L^Cu^ (25.75 mg Cu kg^−1^), M^Cu^ (125.75 mg Cu kg^−1^), H^Cu^ (225.75 mg Cu kg^−1^)

Mean and standard error of three replicates is shown; different letters represent significant difference at *p* \< 0.05.

### Free proline

Free proline levels were primarily determined by ammonia-N (*p* \< 0.001), whereas the impact of sediment Cu was negligible (*p* \> 0.05, [Table 1](#table-1){ref-type="table"}). The free proline content in the medium and high ammonia-N treatments (M^N^L^Cu^ and H^N^L^Cu^) was significantly higher than in the ammonia control (L^N^L^Cu^, [Table 2](#table-2){ref-type="table"}). Sediment Cu level showed little effect on the free proline content, and the higher sediment Cu did not produce a greater free proline content when the ammonia-N content was constant ([Table 2](#table-2){ref-type="table"}).

Discussion
==========

A reduction in RGR and biomass of submerged plants has been reported under high ammonia-N ([@ref-53]; [@ref-63]) and Cu concentrations ([@ref-48]; [@ref-59]). Our study shows that the below-ground biomass of *V. natans* decreased with increasing Cu sediment levels, indicating that excessive sediment Cu (heavy metal toxicity) could result in significant damage to the root of *V. natans*. This injury, which can include stunted roots and poor growth initiation, might result in low water and nutrient uptake and a disturbance in metabolism ([@ref-36]). In contrast, above-ground biomass significantly decreased with increasing ammonia-N concentrations, indicating that excessive water ammonia-N can cause significant toxicity to the leaf of *V. natans*. Previous studies showed that ammonia-N was the preferred N-source for submerged plants to uptake N through the shoots ([@ref-11]; [@ref-40]). In summary, our experiment showed that above-ground biomass was affected by water ammonia-N and below-ground biomass by sediment Cu. Thus, the RGR of *V. natans* was more affected by water ammonia-N than sediment Cu, indicating that the more dramatic leaf as compared to root reduction may result in the decrease of RGR.

Several studies have demonstrated a reduction in chlorophyll content under Cu stress in a variety of aquatic plants, including *Potamogeton pusillus* ([@ref-31]), *Elodea canadensis* ([@ref-24]), and *Lemna sp.* ([@ref-16]). The present study showed a similar trend, with a clear reduction in the chlorophyll content of *V. natans* after exposure to sediment Cu, thus supporting the findings of earlier studies on submerged plants (e.g., [@ref-16]; [@ref-24]). Damage from sediment Cu likely results from high Cu contents distorting chlorophyll structure and thereby inhibiting the synthesis of photosynthetic pigment ([@ref-39]). Previous studies showed that excessive ammonia decreases total chlorophyll in aquatic plants such as *Myriophyllum* ([@ref-43]) and *Egeria densa* ([@ref-49]). Our results support these early findings and demonstrate that total chlorophyll in *V. natans* was also reduced by high ammonia-N. Ammonia-N appears to affect total chlorophyll in aquatic plants by damaging the photosynthetic system and inhibiting photosynthesis ([@ref-53]).

NP-SH, a class of low-molecular-weight-SH compounds, has been considered as an important plant defense source in response to heavy metals, including Cu ([@ref-25]). Our results suggest that NP-SH content increased with rising sediment Cu levels. These results are supported by previous studies in which NP-SH significantly increased with higher sediment Cu levels ([@ref-32]; [@ref-48]; [@ref-15]). NP-SH may induce resistance to heavy metals by protecting labile macromolecules against attack by the formation of free radicals in metabolic reactions and its oxidative stress ([@ref-38]; [@ref-29]). Like sediment Cu, excess ammonia-N also leads to NP-SH accumulation in *V. natans*. The present results are in agreement with previous studies in which ammonia-N induced an increase of NP-SH content in submerged plants ([@ref-54]). Therefore, the accumulation of the NP-SH likely indicates that plants are being stressed by sediment Cu and water ammonia-N.

Proline is a common free amino acid in plant tissues that contributes to osmotic adjustment, detoxification of reactive oxygen species, and protection of membrane integrity ([@ref-45]; [@ref-5]). The accumulation of proline under heavy metal stress conditions has been reported in aquatic macrophytes such as *Salvinia natans* ([@ref-30]), *Lemna gibba* ([@ref-28]), and *Najas indica* ([@ref-46]). Our results also indicate that proline levels increased in *V. natans* in response to excess sediment Cu. Proline-Cu complexes likely enhance the tolerance of plants to heavy metals by reducing free metal ion activities through the formation of metal--proline complexes ([@ref-57]; [@ref-50]). Proline accumulation can also increase dramatically in response to rising ammonia concentrations in aquatic environments ([@ref-58]; [@ref-20]). We also found that proline accumulated in *V. natans* under high water column ammonia-N conditions. Previous studies revealed that excess ammonia-N in plant tissues caused cellular and whole plant water imbalance by decreasing Ca^2+^ and K^+^ uptake ([@ref-8]; [@ref-42]). The accumulation of proline may prevent water loss by sustaining cell turgor, maintaining membrane integrity, and inhibiting protein denaturation ([@ref-18]; [@ref-19]; [@ref-33]).

Most growth indicators and physiological indexes of *V. natans* are significantly correlated with the concentration of water column ammonia-N and sediment Cu (*p* \< 0.05). We also found that ammonia-N concentration (*p* \< 0.001) played a more crucial role in affecting plant growth indicators and physiological indexes than sediment Cu (*p* \< 0.05). Moderate to high levels of sediment Cu enhanced the toxicity of water column ammonia-N, and even moderate ammonia-N content yielded negative RGR when exposed to moderate levels of sediment Cu.

This study provides new and important insights into potential methods of ecological restoration after an environment has been damaged by heavy metals. Experiments assessing ammonia-N stress on *V. natans* showed that high ammonia-N content (\>8 mg L^−1^) in the water column lead to severe plant damage ([@ref-65]). Compared to previous studies, our experiments evaluated relatively lower ammonia-N content in the water column and further narrowed the tolerant water ammonia-N content to \<6 mg L^−1^. Moreover, this study suggests that cross effect of various factors are non-neglectful, even this cross effect seems less significant. Moderate to high sediment Cu levels intensify ammonia-N stress on submerged plants and yield much lower tolerant water ammonia-N content (\<3 mg L^−1^) for *V. natans*.
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